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SPECTROSCOPIC INVESTIGATION OF H- AND D- ION SOURCE PLASMAS"

H. Vernon Smith, Jr,, Paul Allison, and
Roderich Kellert. AT-2, MS H818
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

Several H I (Balmer), Cs I, Cs II, and Mo I lines emitted by the
small-angle source and 4X source plasmas are studied. After correct-
ing for Stark broadening, the H, line width gives the H-atom temper-
ature kTyo. After correcting for Doppler broadening, the Hg and Hg
1ine widths give the electron density ng. For pulsed o?erat1on of
both sources, kTuo 1s 1.5 to 2 eV and ng is 1 to 2 x 10'4/cm3, with
kTyo and ng scaling approximately with ihe square root of the dis-
charge current. For the 4X source operated on Dy, kTpo and ng are
near the values of kTyo and ng obtained for Hy operation. Assuming
that the H~/D- ion temperature equais the H/D-atom temperature, we
deduce a lower 1imit to the H-/D- beam emittance.

INTRODUCTION

The Penning surface-plasma scurce (SPS) provides a bright H- {on
beam for accelerator applications.? Knowledge of the plasma param-
eters of this source may prove quite valuable in developing a theo-
retical model of it and in understanding its performance 1imits.

In our inftial study? of the plasma parameters of the Penning SPS
discharge using quantitative optical spectroscopy, we looked only at
the 4X source? 4 discharge. The approximate plasma density, H-atom
temperature, and electron temperature for only one set of discharge
parameters for each of the three, pulsed-source plasma modes were
determined. 1In this work we 1ook in more detall at two of tne 4X
source discharge modes by varying the discharge parameters over a
range of conditions, plus we study the small-angle source® (SAS)
over a wide range of 1ts operating parameters. We also take a brief
look at the operation of the 4X source on deuterium. A preliminary
report of the present work s given elsewhere.®

EXPERIMENTAL APPARATUS AND METHOD

Beccuse the experimental method ts discussed in Ref. 2, only a
brief summary, including changes in the procedure, will be given
here. A schematic of the experimental apparatus 1s shown in Fig. 1.
The discharge light emitted from the source passes through a quartz
vacuum window and 1s imaged with a lens onto the monochromator
entrance s1it. The monochromator slits are set for 0.01-nm full
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Fig. 1. Upper: experimental arrangement of the 4X source and the
1-m monochromator on the 1on source test stand (not to
scale). The distance from the rnission aperture to the
lens is 67 cm; to the monochrot .tor, 107 cm.

Lower: horizontal (top) and vertical (side) sections of
the 4X source plasma volume. Only a small portion
(hatched area) of the arc region is examined with the
monochromator.

half-width instrument hroadening. The photomultiplier tube (PMT)
current Ipy7 1s measured at a preselected time during the i1-ms-
long discharge pulse by using a gated sample-and-hold circuit.

This signal is then fed to the input of a strip-chart recorder.
Because the strip-chart recorder and monochromator grating drive
are driven at known constant speeds, the horfizontal (tlme) axis is
casily converted to wavelength. Sample recorded H,, Hg, H,, and Hg
1ine shapes are shown in Fig. 2. The time requireg to record each
curve in Fig. 2 was ) min. The source pulsed-discharge repetition
rate 1s 5 Hz; therefcre, each curve is constructed from 300 dis-
charge pulses.
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Fig. 2. Hy, Hg, Hy, and Hg Balmer line profiles recorded for a
132 A, Mode II discharge in the 4X source. The Lorentzian
(dashed) and Gaussian (dotted) curves have the same ralf-
widths as the measured profiles and are included for com-
parison purposes caly.

The 4X source will operate in three distinct pulsed Hp discharge
modes (Table I of Ref. 4). Mode I has discharge voltage GD = 300 v,
with a 1500-G magnetic field and 2.2 T1/s Hy gas flow. At 29-keV
axtraction voltage, Mode I produces a maximum H~ beam current of

110 mA, having =25% beam noise; Mode II, Vp = 120 V, 1500 G,

2.9 T1/s, 120 mA of H- at 29 keV with 220% beam noise; and Mode III,
Vp =500 V, 700 G, 3.3 Tl/s, 70 mA of H- at 29 keV with ¢+1% beam
noisc. We study two of these 4X source modes, Modes II and III, in
this work. When the 4) source pulsed discharge is run on Dy gas, it
cperates in Mode II. The SAS, with {ts fixed arc magnetic ;1eld.
also operates in Mode II.

For each set of discharge conditions studied, we recorded the
line profiles of the Hy, Hg, Hy, and Hg 1ines with 0.01-nm instru-
ment resolution and the 1n%eqr11 1ine Tntensities of several Cs I,
Cs II, and Mo I lines (Table I of Ref. 2) with 0.05-nm instrument
resolution. The electron temperature kTo (determined from one
fonization state of an element) 1s calculated from

kTeu(E4-E4)/In[CAJ94A 1 11K} )/C(A1gyA§I4Ky)] QP



where Ey and E4 are the transition energies for two different lines;
A the trans!tign probabilities; g the statistical weights; A the
wavelengths; I the recorded integral irtensities; and K the calibra-
tion factors. More details of this calculation are given in Ref. 2.

The measured hydrogen line profiles result from a convolution
of Stark broadening, related to the electron density (‘on-dynamical
effects? further increase the Stark broadening of H,); Doppler
broadening, caused by the motion of radiating atoms; instrument pro-
file, and the fine-structure splitting of the sublevels. For H,
profiles, a fine-structure correction curve is calculated following
the procedure of Ref. 8, considering all seven sublevel positions.
The fine-structure splitting is negligible for the other H-Balmer
series profiles.

To separate Stark and Doppler broadening, a general tendency can
be exploited: Doppler broadening scales proportionally to the wave-
length of the observed line?®; thus, H, shows the largest Doppler
broadening effect of the lines we examine. Stark broadening is
larger for Hp and Hg than for H, and Hy (Ref. 95. Therefore, H,
and H shoulg be better suited ?or ato%ic temperature determinations;
Hg and Hg, for electron density measurements. However, we find that
H, has anomalous Lorentzian broadening (see below), so we do not use
HY in any of our plasma-parameter determinations.

The actual unfolding procedure uses the tabulated Voigt function
parameters.i9 Knowing the total width and the width of efther a
Gaussian or a Lorentzian profile, one can immediately look up the
width of the other profile. Hydrogen Stark profiles have nearly
Lorentzian shapes, whereas Doppler- and instrument-broadening
effects produce Gaussian shapes. The instrument profile half-width
is subtracted from the Doppler-broadening half-width by assuming
they add quadratically. For the two 4X source deuterium measure-
ments, we use the deuterium Doppler broadening, and we use the Hy
fine-structure correction for D,. For the Dy, Dy, and Dg Stark-
broadening correcticns, we use the He (Ref. Tl). Hg (Ref. 9), and Hg
(Ref. 9) values, respectively.

An fterative procedure {s used to unfold the H-atom temperature
and electron density from each set of H, and Hg measurements. Typi-
cally, four passes are required for kTyo and no to converge. The
kTyo deduced in this manner is used to correct the Hg 1ine for
Doppler broadening, and the resulting Hg Stark broadening is used
to obtain another value for ng. Only tﬁe Hg ne values are used for
the SAS (Fig. 6) because only in a few cases dfd we record the SAS Hg
line shape. The rms deviation of the two values for ng found from
Ha and Hg Is 3%. Thus, we have good confidence in our values for ng
deduced from the hydrogen Balmer 1ine shapes.

We have somewhat lower confidence in our kTyo values because of
the uncertainty in the theoretical knowledge of the Stark broadening
of Hy. It Vs well known’? that treating the fon motton in the static
approxi 3tlon leads to underestimating the Stark broadening of H, for
ne ~ 1014/cm3 by about a factor of 3. To account for the fon motion
(the "ton-dynamical effect"), Stehlé and Feautrieri? use the impact
approximation: we use their results in correcting our recorded H,



1ine shapes for Stark broadening. However, Kelleher? has performed
a calculation of fon dynamical broadening for Hy, using a computer
code that calculates the ion-generated perturbing fields using Monte
Carlo techniques. For kTy+ = kTg = 1 eV and ng = 1 x 10'4/cm3,
Kelleher's prediction for the FWHM of H, is 0.0089 nm, about 54% of
Stehlé and Feautrier's 0.016 nm. If Ke?leher's prediction is used,
our values of kTyo deduced from the H, 1ine increase by 30%, the
values of ng deduced from Hg decrease by 15%, and the values of ng
deduced from Hg decrease by 5%. Thus, the theoretical uncertainty
in the Stark broadening of H, causes ~30% uncertainty in our values
for kTyo and ~10% uncertainty in our values for no. We note that
the H-atom temperatures we report here (deduced from H,) are for the
n = 3 excited state. We assume that the H-atom temperatures for the
ground state and n = 3, 4, and 6 excited states are identical. HWe
do not use the recorded H, }ine shapes for any determination of the
source plasma parameters gecause every HY line shape we record 1s
almost entirely Lorentzian in shape (Fig. 2), despite its expected
Doppler (Gaussian) shape. From Griem's tabulation of Stark widths,?
HY is expected to have a very small Lorentzian half-width (about
0.01 nm). However, we observe H, has approximateiy 0.1-nm Lorentzian
width. Evidently ion-dynamical effects are very important for HY'
An investigation of this possibili¢y is under way.}2 In our
analysis, we assume local thermal equilibrium (LTE) and Maxwellian
particle velocity distributions. These assumptions may not be valid.

RESULTS AND DISCUSSION

The deduced H-atom temperature vs discharge current for the 4X
source 1s shown in Fig. 3; for the SAS, in Fig. 4. The electron
density vs discharge current for the 4X source and SAS 1s shown in
Figs. 5 and 6, respectively; the electron temperature vs discharge
current, in Figs. 7 and 8. One of the most striking features of the
results is the wide variation of the electron temperatures calculated
from the Mo I, Cs I, Cs II, and H I integral 1ine intensities. For
the 4X source (Fig. 7), there s 1ittle variation of k7o with I4,
and the average values for kTo descend from 0.7 eV, for the Mo ?
results; to 0.6 ev, for Cs II; to 0.5 eV, for Cs I; to 0.2 ev, for
H 1. This general trend seems tc hold true for the SAS as well
(Fig. 8). This variation of kT, with emitting specties (hydrogen and
cesium are purposely added to %he source discharge, whereas the
molybdenum comes from the sputtering of the molybdenum cathode mate-
rial) probably indicates that the electron temperature distribution
fs not a simple Maxwellian.

The SAS has one primary mode of operation characterized by the
discharge voltage being about 100 V--this corresponds most closely
to Mode II for the 4X Source. The electron density vs Iy measure-
ments for the SAS (Fig. 6) are all for this 100-V discharge mode.
The SAS electron density varies approximately as the square-root of
I?. The same data for the 4X source, plotted in Fig. 5, are primar-
tly for what we have termed Modes Il and III. For completeness, on
Fig. 5 we have included the four points we reported in Ref. 2.

There appears to be a real difference between the plasma state of
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Fig. 3. H-atom temperature vs discharge current for the 4X source.
The triangle 1s for Mode I, filled squares are for Mode
II, and open squares are for Mode III. The filled circles
are for a Mode II deuterium discharge. Four points from
Ref. 2, corrected as discussed in the text, are 1n$luded
fn this figure. The curve labeled kTyo = 0.15 I
included to guide the eye.

Modes II and III. Mode III appears to have a nearly linear depend-
ence of no on 14, as one w?71d naively expect. For Mode II, n
appears to have about a Ig dependence, which is net underscood at
present. We observe :401 fluctuations on the discharge voltage and
£20% fluctuations on the H- current from Mode II, but <21% flurtua-
tions of these parameters for Mode III. This leads us to speculate
that plasma turbulence effects may exist in Mode II but not i

Mode III (Ref. 2). These hypothetical plasma-turbulence effects may
also cause anomalous plasma los?’E hence the nonlinear dependence
of ng on Ig for Mode II1. The Iy dependence of ng for the SAS
suggests that plasma- turbu1ence effects may be important in that
source also. Comparing the kTo and kTyo vs IY curves for the SAS
(Figs. 8 and 4, respectively), at the lowest Iy, kTg 2 kTyo, as

it Is for most plasmas. However, for discharge currents >40 A,
kTho > kTg, difficult to understand unless our determination of kTe
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Fig. 4. H-atom temperature vs discharge current for the
SAS. The curve labeled kTyo = 0.23 I41/2 15
included to guide the eye.

Is fnaccurate or there {s anomalous heating of the atoms such as
turbulence heating.

Despite the apparent difference in plasma state between Modes
Il and III, the 4X source H-atom temperature appears to depend as

1 R on the discharge current (Fig. 3), with the points from Modes
I? and III lying near the same curve. Use of the Stehlé correc-
tionl! to the Stark broadening of H, leads to the pulsed results in
Ref. 2 being lowered an average of 28% for kTyo and raised an aver-
age of 17% for ng. The corrected kTyo and ng values are plntted

on Figs. 3 and 5. The SAS kTyo vs Ig4 curve ?Fig. 4) also apgears

to follow approximately an 141/2 dependence, but the scatter in the
data is larger than that for the 4X source.

On Figs. 3 and 5 we have also included the results of two
measurements on deuterium discharges in the 4X source. One point
is for a low arc current, cw discharge (I4 =« 1.3 A); the other for a
high arc current, pulsed discharge (Iq = 158 A). The D-atom temper-
atures deduced from these two measurements are close to the H-atom
temperature curve shown in Fig. 3. The maximum D= current we have
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Fig. 5. Electron density vs discharge current for the 4X source.
The legend for the points is given in the caption for Fig. 3.
Four points from Ref. 2, corrected as discussed in the text,
are included in this figure. The dashed straight tine
through the Mode II} points, as well as the curve labeled
ng = 0.12 x 1014 14172 45 included to guide the eye.

obtatned from the 4X source at 29-keV extraction voltage ts 55 mA
for arc conditions that are not too different from those for which
the 158-A deuterium spectroscopy measurements were made.

For pulsed operation of both the SAS and the 4X sources at their
normal discharge currents of 150 A, the H-atom temperature {s about
2 eV, considerably larger that the ~0.3 eV reported for the conven-
tional duopigatronl?® and the bucket source.!3.34 Perhaps the rela-
tively high H-atom temperature for the SAS and 4X sources is due to
turbulence heating.

If the H~ fon temperature equilibrates with the H-atom tempera-
ture,? then we can compare the H~ fon temperature deduced from the
spectroscopy measurements with that deduced from the SAS and 4X
source* emittance measurements. To get the effective H~ temperature
from the two-dimensional, rms emittance eyms we usels

erms = R(KTH-/Mc2)V/22 (2)
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Fig. 6. Electron density vs d1scharae current for the SAS. The
curve ng = 0.11 X 1014 141/2 15 included to guide the eya.

where R is the emission aperture radius and M is the negative ion
mass. The H-/D- current, current density, ard fon temperature
values are given in Table I. We note that the kTy- values deduced
from the spectroscopy measurements are considerably below the values
deduced from the emittance (phase-space) measurements. This differ-
ence can arise from either the H- fon temperature being much larger
than the H-atom temperature (nonequilibrium, despite our estimate)
or from effects other than temperature contributing to eppg. These
effects can include aberrations in the extraction system, perveance
fluctuations in the extraction gap, dispersion of the H- fons In
the source magnetic field, and nonlinear space-charge compensation
effects in the H- beam transport. HWe think that the first two
effects are l1ikely to be much more important than the latter two.2,¢
Using the spectroscopy value for kT in Eq. (2), we determine a lower
1imit to eyrpg for the 4X source and the SAS. These limits are
0.0044 and 0.0093 wecmemrad respectively, considerably below our
lowest measured eppg for these sources, 0.011 and 0.018 wecmemrad.
Finally, althcugh we have not made emittance measurements of
the D~ beam from the 4X source, from the spectroscopy measurements
we deduce that kTyo and kTpo are approximately equal. If kTyo =
kTy- ang kTpo = kTp-, then we would expect eppg for D= to be
~007 Crms for H-.



2
T .5 .
[ ]
EE o Mol
a Ol
v Gl
19
v
00 (-]
s, °: Vs ° : 8 ° o
X
v vVa v
05 YA a0 .v v a Z
a
v
»
X %X 3% X ¢ X X X x
ol 1 L T | |
0 100 200 300 400 500
Discharge current, Iy (A)

Fig. 7. Electron temperature vs discharge current for the 4X
source. The legend for the points is given on the figure.

TABLE I Current, current density, and ion temperature values

KTy- KTy~
Source Spectroscopy Phaso-Spgce

(Discharge I. i- Valye? Value

Ion Mode) (M)  (mA/cm) (eV) (eV)
W™ 4x (I) 110 480 1.5 15
H™ 4X (1I) 100 437 1.9 25
D™ 4xX (I1I) 50 218 2.1 -
H= 4x (11D 67 293 1.0 6.2
H= SAS (ID) 140 2800 2.0 6.6

Assumes kTyO equals kTy-.

bcalculated rgn KT = 4 0 24c2/R? for 4X source and
KT = 3 crps2Nc2/aZ for the SAS (Ref. 15).
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Fig. 8. Electron temperature vs discharge current for the SAS. The
legend for the points is given on the figure.

CONCLUSIONS

For pulsed operation of the 4X and small-angle sources, kTqo
s 1.5 to 2 eV and ng 1s 1 to 2 x 1014 em=3. If kTho gives a true
indication of the H~ fon temperature in the socurce plasma, then a
factor of 1.8 to 3.6 reduction in the H- beam emittance may be
possible.
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